Adsorption of lead (II) ions onto cassava starch 5-choloromethyl-8-hydroxyquinoline polymer (CSCMQ) was investigated with the variation in the parameters of pH, contact time, lead (II) ions concentration, temperature and the adsorbent dose. The Langmuir and Freundlich models have been applied. CSCMQ was characterized by Fourier transform infrared spectroscopy and scanning electron microscopy. Results showed that the adsorption process was better described by the Langmuir model. Adsorption kinetics data obtained for the metal ions sorption were investigated using pseudo-first-order, pseudo-second-order and intraparticle diffusion model. The maximum adsorption capacities (q m ) were 46.512, 43.859 and 42.735 mg/g at 25, 35 and 45 W C, respectively.
INTRODUCTION
Heavy metals have been excessively released into the environment due to rapid industrialization and have created a major global concern. Cadmium, zinc, copper, nickel, lead, mercury and chromium are often detected in industrial wastewaters, which originate from metal plating, mining activities, smelting, battery manufacture, tanneries, petroleum refining, paint manufacture, pesticides, pigment manufacture, printing and photographic industries, etc., (Williams et al. ; Kadirvelu et al. ) . Unlike organic wastes, heavy metals are nonbiodegradable (Wan Ngah & Hanafiah ) . Excessive ingestion of them can cause accumulative poisoning, cancer, nervous system damage, etc.
Lead is a metal which is considered to be an environmental concern. The obstacle of Pb(II) pollution is due to the use of lead in service pipes and particularly in soft water is the first recognized metal pollutant (Santosh Mitra & Kushal Joshi ) . Other sources of Pb(II) pollution are the battery industry, auto exhaust, paints, ammunition, and the ceramic glass industries (Sekar et al. ) . The permissible limit of Pb(II) in wastewater, given by the Environmental Protection Agency (EPA), is 0.05 mgL À1 , and that of the Bureau of Indian Standards (BIS) is 0.1 mg/L (Goel et al. ) .
There are diverse conventional techniques for the removal of lead from an effluent like chemical precipitation, (Esalah et al. ) , electro coagulation (Escobar et al. ) , biosorption (Lo et al. ) , ion exchange (Ahmed et al. ) and adsorption (Taty-Costodes et al. ) . Amongst all the proposed techniques, adsorption is one of the most prominent techniques since the legitimate design of the adsorption process will produce high-quality, treated effluents (Shah et al. ) . Adsorption is a well-known equilibrium separation process. It is now recognized as a potent and economic technique for water decontamination applications and for separation analytical purposes (Crini ) .
Numerous approaches have been studied for the development of cheaper and more effective adsorbents containing natural polymers. Many natural polysaccharides and their derivatives containing required functional groups may have some potential. Recently have been studied with respect to their ability to remove toxic heavy metal ions from wastewater. Of all these natural polysaccharides, starch appears to be a very fascinating field for research with high possibilities for removing metal ions, thereby enlarging the range of its utilization.
Starch as a natural low-cost polymer, has been a subject of academic as well as of industrial interest for the past few decades because of its renewability and biodegradability (Shah et al. ) . There are many starches available like potato starch, maize starch, sago starch, cassava starch, etc., but cassava starch (Manihot esculenta, also known as manioc or yucca) was chosen for the study as it has many incredible characteristics, including high paste viscosity, high paste clarity, and high freeze-thaw stability, which are advantageous (Gomes et al. ; Zaidul et al. ; Aloys & Angeline ) . The current research concentrates upon adsorption of lead metal from its aqueous solution by substitution of starch with 5-choloromethyl-8-hydroxyquinoline (CMQ), which forms chelates with various heavy metal ions in aqueous medium. The chloromethylation of CMQ is a simple process and cassava starch is relatively cheap; the derivative can be produced at an economical level.
MATERIAL AND METHODS

Reagents
The chemicals used in this research were of analytical grade and used directly without purification. Cassava starch was procured from Sigma Aldrich, India and all other chemicals used were obtained from ACS Chemicals Pvt. Ltd (Ahmadabad, India). The stock solution of lead metal ion (1,000 mg/L) was prepared in double distilled water and working solutions were obtained by appropriate dilution. In order to prevent metal contamination, glassware was kept overnight in a 10% (V/V) HNO 3 solution.
Adsorbent
For the preparation of adsorbent blending of dried cassava starch (10 g) was done with an appropriate amount of triethyl amine and tetra hydro furan and was allowed to agitate for 30 min. Then the addition of CMQ, which was synthesized, purified and characterized by previously reported routes (Burckhalter & Leib ) , was done to that mixture with constant stirring and was allowed to heat for 6 h at 60 W C. The product synthesized ( Figure 1) was dried and further used for the adsorption of lead metal ion from an aqueous solution. 
Instrumentation
Atomic absorption spectrophotometer (Model novAA ® 400 P, Analytic Jena, Germany) was used for the determination of metal ion concentrations before and after adsorption. Fourier transform infrared spectroscopy (FT-IR) (Nicolet IR-200, USA), potassium bromide was utilize to analyze the functional groups present on the adsorbent. Scanning electron micrographs were obtained by using scanning electron microscopy (SEM) (SNE-15 00M, Korea and Carl Zeiss, EVO MA 15, UK).
Batch adsorption experiments
Adsorption experiments were performed under room temperature. For batch adsorption experiment, 0.1 g of CSCMQ polymer and 100 mL lead solutions of different initial concentration were agitated in 250 mL Erlenmeyer flask at 200 rpm. At the end of predetermined time interval the reaction mixture were filtered out. The concentration of lead metal ion was analyzed by using Atomic Absorption Spectrometer, AAS (Model novAA ® 400 P, Analytic Jena, Germany). The contact time was determined as the time required for the concentration of the lead in the solution to reach equilibrium (2 h). The amount of metal adsorbed by the solid (q) and the percent of metal removal were calculated using the following equations:
where q e is the adsorption capacity (mg/g), C i is the initial concentration of Pb(II) in the solution (mg/L), C e is the equilibrium concentration of Pb (mg/L), V is the volume of metal ion solution (mL) and W is the weight of the adsorbent (mg). The effect of pH (1.0-6.0) and the initial concentration of metal (10-50 mg/L) was also examined in order to determine its influence on the adsorption rate and also to obtain the adsorption isotherm.
RESULT AND DISCUSSION
Scanning electron microscopy Figure 2 shows the SEM micrographs of CSCMQ. In Figure 2 (a) (having 1.50 KX magnification), the SEM image depicts that the surface morphology of the copolymer is quite rough and porous. Such roughness is benign for the adsorption of metal ions in the solution to disperse to the inner adsorption locus placed in the interior portion of the adsorbent. In Figure 2 (b), 2.0 KX magnification of CSCMQ polymer shows that rough morphology provides new adsorption sites from interior cavities to participate in binding of metal ions, whereas in Figures 2(c) and 2(d), having 1.50 KX and 2.0 KX magnification, depicts that the surface of copolymer will become smooth at the time of the adsorption process, while the filtered liquid is still clear, meaning that, thus modified, copolymer has the acceptable resistance to the possible solubility in the aqueous solution.
Fourier transform infrared spectroscopy
The grafted copolymer, non-grafted starch and CMQ were characterized by IR spectrophotometer. The IR spectrum of cassava starch in Figure 3 (a) (starch) gave broad adsorption band of -OH broad at 3,400 cm À1 and single intermolecular polymeric band, the C-H stretching at 2,930 cm À1 and 1,078 cm À1 , characteristic of amylase containing in starch. The peak of starch at 1,640-1,650 cm À1 is controversial, as has been reported in many articles. The bending mode of water is shown at 1,800-1,600 cm À1 , while the δ (OH) bend of absorption of water was assigned at the wave number of 1,640 cm À1 and of 1,650 cm À1 . The wave number at 1,658 cm À1 was assigned as a peak of the first overtone of OH bending. On the other hand, 1,650 cm À1 was assigned as -C ¼ C-alkene stretching.
In Figure 3 (b) (CMQ), a sharp peak is seen at 1,491 cm À1 which confirms C ¼ N aromatic nitro compound in CMQ. The broad band at 3,283 cm À1 observed in the case of ligand was shifted at 3,343 cm À1 , which was attributed to (O-H) of coordinated water molecule. In the investigated metal complexes, the bands observed in the regions of 1,267-1,284 cm À1 and 865-875 cm À1 are attributed to -OH stretching, bending, rocking and wagging vibrations respectively, due to the presence of water molecules.
The spectra of grafted copolymer showed the existence of sharp peak at 785 cm À1 as observed in Figure 3 (c) CSCMQ copolymer which arises from the stretching vibration mode of C-Cl bond and a small peak is observed at 1,500 cm À1 which confirms the presence C ¼ N aromatic nitro compound and a weak symmetrical stretching band 1,431-1,396 cm À1 , characteristics of C ¼ O group indicated the occurrence of grafting; it is evidence of grafting. Most other peaks are related to polymer backbone (starch).
Effect of pH
Hydrogen ion concentration is a substantial parameter affecting the surface charge of the adsorbents. The pH is one eminent environmental factor influencing not only site dissociation, but also the solution chemistry of the heavy metals and the pH value of the solution is very much influential in controlling parameter in the adsorption process. In order to determine the optimum pH for metal adsorption, the adsorption was studied at various pH values.
The results in Figure 4 showed that the adsorption capacities increase with the upsurge of pH. At a lower pH range of 1.0-4.0 inconsequential adsorption was been found. With pH increasing from 5.0 to 6.0, the adsorption then escalated gradually. The reason behind it is that the adsorbent was eminently protonated in an acidic medium and cannot efficaciously interact with the metal ions due to deficit of negative charge. Hence, the metal chelate of the adsorbent was inhibited due to inflated proton concentration in the medium. The increase in Pb(II) adsorption at higher pH values (5.0-6.0) may be explained by the ionization of the reaction sites on the chelate surface which involves competitive reactions of protonation and complex binding (Ruey-Shin Juang ).
Effect of initial metal ion concentration and contact time
The rate at which the metal removal takes place is of great importance for developing a sorbent-based water technology. The sorption of Pb(II) by CSCMQ polymer was carried out considering contact time from 0 to 120 min for the establishment of the equilibrium time for maximum uptake and to know the kinetics of the sorption process, shown in Figure 5 . It is observed that the sorption efficiency of Pb(II) increases gradually with increasing contact times and reaches a plateau afterward. There is also an elevation in the sorption capacity of lead by CSCMQ polymer with an increase in initial concentration of Pb(II). Equilibrium uptake also increases with an increase in the initial metal ion concentration over the range of experimental concentration. This is a result of the increase in the driving force of the concentration gradient, with an increase in the metal ion initial concentration. The equilibrium time has been fixed up for 120 min for the rest of the batch experiment to ensure that equilibrium time is reached. From the figure, it can be seen that with increasing initial metal ion concentration from 10 to 50 ppm, the amount of metal ion adsorption also increased from 9.173 to 42.285 mg/g at 25 W C. 
Effect of adsorbent dosage
It is observed from Figure 6 that the rate of adsorption of Pb(II) increases with the increase in CSCMQ polymer until 1 g. The reason behind the upsurge in adsorption rate is that there is more surface area available and hence more active sites are accessible for the binding of metal ions. For a given initial concentration of lead, a further increment of the adsorbent dosage practically has no impact on the rate of adsorption of lead.
Effect of temperature
The effect of temperature on the removal of Pb(II) in an aqueous solution by CSCMQ was studied by varying the temperature (25, 35 and 45 W C). According to the results observed from Figure 7 , the adsorbed amount of Pb(II) ions declines with the incline in temperature from 25 W C to 45 W C. The observed decrease in the adsorption capacity with an increase of temperature indicated that low temperature is in favor Pb(II) ions removal by adsorption onto CSCMQ polymer. This may be due to a tendency of Pb(II) ions to escape from the solid phase to the bulk phase with an increase in the temperature of the solutions. This effect suggested that the adsorption mechanism associated with the removal of Pb(II) onto CSCMQ polymer involves a physical process, which is usually associated with low adsorption heat. This means that the adsorption process has an exothermic character.
Isotherm studies
Adsorption isotherms
Equilibrium adsorption isotherms are basic mechanism for designing adsorption systems. The correlation of equilibrium data by either theoretical or empirical equations is important for predicting the adsorption capacity of the adsorbent (Raval et al. ) . The two most common models used to study adsorption isotherms are (i) Langmuir isotherm and (ii) Freundlich isotherm.
Langmuir model. The Langmuir model assumes that each adsorbate molecule is located at specific homogenous sites within the adsorbent. Hence, it anticipates the formation of a monolayer of the adsorbate on the homogenous adsorbent surface and does not consider surface heterogeneity of 
where C e (in milligrams per liter) is the equilibrium concentration of the Pb(II) in the solution; q e (in milligrams per gram) is the equilibrium adsorption capacity per gram dry weight of the adsorbent corresponding to complete coverage of the adsorptive sites; a L (in liter per milligram) and K L (in liter per gram) are the Langmuir isotherm constants. The values of a L and K L are calculated from the slope (a L =K L ) and intercept (1=K L ) of the plot of C e =q e vs C e . The value of monolayer sorption capacity of the adsorbent q m (in milligrams per gram) is given by the ratio of K L =a L . Table 1 indicates that the maximum adsorption capacity of CSCMQ copolymer was 46.512 mg/g, respectively, which is equivalently high and can be compared with previously reported adsorbents in Table 2 . The imperative attribute of Langmuir isotherm can be articulated in terms of 'R L ', a dimensionless constant referred to as 'separation factor' or 'equilibrium parameter'. The value of R L is calculated using the following equation:
The value of R L lies between 0 and 1 for favorable adsorption, while R L > 1 represents unfavorable adsorption, and R L ¼ 1 represents linear adsorption while the adsorption process is irreversible if R L ¼ 0 (Rafatullah et al. ) . R L values of CSCMQ copolymer (0.0870-0.0187) for the initial Pb(II) concentration from 10 to 50 mg/L indicate favorable adsorption of Pb(II) onto CSCMQ copolymer. Freundlich model. The Freundlich equation is derived to model the multilayer sorption and for the sorption on heterogeneous surfaces. The Freundlich isotherm theory says that the ratio of the amount of solute adsorbed onto a given mass of sorbent to the concentration of the solute in the solution is not constant at different concentrations. The linear form of the Freundlich isotherm model is as follows (Freundlich ):
where K F (in liters per gram) is the Freundlich adsorption isotherm constant, relating to the extent of adsorption; n (in grams per liter) is the Freundlich exponent. The values of K F and 1=n are calculated from the slope and intercept of the plot of log q e vs. log C e and are listed in Table 1 . The equilibrium adsorption of Pb(II) using CSCMQ polymer (q e vs. C e ) is shown in Figure 8 and the isotherms are plotted together with the experimental data points, for the adsorbent Langmuir isotherm model fitted well with the experimental data.
Error analysis
In the single component isotherm studies, the optimization procedure requires an error function to be defined in order to be able to evaluate the fit of the isotherm equation to the experimental equilibrium data. In this study, linear coefficient of determination (R 2 ) and a non-linear Chi-square test (χ 2 ) were performed for both the isotherms.
The Chi-square test statistics is basically the sum of the squares of the differences between the experimental data and the data obtained by calculating from models, with each squared difference divided by the corresponding data obtained by calculating from models. The mathematical equation can be represented as:
where q e exp ð Þ (in milligrams per gram) is the experimental data of the equilibrium capacity; q e cal ð Þ (in milligrams per gram) is the equilibrium capacity obtained by calculating from the model. If data from the model are similar to the experimental data, χ 2 will be a smaller number, and if they differ, χ 2 will be a bigger number. Therefore, it is necessary to analyze the data using the non-linear Chi-square test to confirm the best fit isotherm for this adsorption system (Raval et al. ) .
Kinetics studies
Adsorption kinetics replenishes beneficial information about the mechanism of adsorption. Rate of adsorption uptake can be described with adsorption kinetics as it is enforced for selecting the optimum operating condition for the full-scale 
where q e is the amount adsorbed at equilibrium; q t the amount adsorbed at time t and k 1 (per minute) is the adsorption rate constant. The linear plot of log (q e À q t ) versus t is observed in Figure 9 . The linear pseudo-second-order kinetics equation is given as (Ho & McKay ) :
where, k 2 (in grams per milligram per minute) is the pseudosecond-order rate constant. The values of k 2 and q e for pseudo-second-order rate model calculated from intercept and slope of the t=q t vs t plots and given in Table 2 . The plot of second-order was shown in Figure 10 . It is detected that the values of the correlation coefficient for both the pseudo-first-order and pseudo-secondorder rate models were adjacent to unity. The description of pseudo-second-order model was very sound for the adsorption of Pb(II) onto CSCMQ copolymer since the experimental q e values were very nearer to the calculated q e values for pseudo-second-order rate model. As demonstrated in the table the values of the rate constant k 2 declines with the inclination in initial concentration of Pb(II) metal ion because higher metal ion concentration corresponds to higher surface loading, which decreases the diffusion efficiency.
Intraparticle diffusion model
The rate constant for intraparticle diffusion (k id ) is given by the Weber-Morris equation:
where q t is the amount adsorbed (mg/g) at time t (min).
The plot of q t vs. t 1 2 is shown in Figure 11 for Pb(II) ions. The initial curved portion is attributed to the bulk diffusion of the linear portion to the intraparticle diffusion and the plateau to the equilibrium. This indicates that transport of Pb (II) ion from the solution through the particle solution interface, into the pores of the particle as well as the adsorption on the available surface of CSCMQ copolymer are both responsible for the uptake of heavy metal ions. Rate constants (k id ) characteristic of the adsorption in the region where intraparticle diffusion is rate-controlling. Extrapolation of the linear portions of the plots back to the axis provides intercepts which are proportional to the extent of the boundary layer thickness, i.e. the larger the intercept is, the greater is the boundary layer effect. The deviation of the curves from the origin also indicates that intraparticle transport is not the only rate-limiting step.
Thermodynamics study
Temperature dependence of the adsorption process is affiliated with several thermodynamic parameters. In order to delineate the thermodynamic demeanor of the adsorption of Pb(II) ions onto CSCMQ polymer, the standard Gibbs free energy of adsorption ΔG o is calculated from the following equation:
where R is the universal gas constant (814 J/mol/K), T is the temperature in Kelvin and K c is the adsorption equilibrium constant. The value of K c is calculated from the following equation:
where C ae is the equilibrium metal ion concentration on the adsorbent (mg/L) and C e is the equilibrium metal ion concentration in solution (mg/L).
The negative values of ΔG 0 given in the Table 3 indicate the spontaneous and favorable nature of the adsorption process. However, the spontaneous nature of adsorption is inversely proportional to the temperature due to negative value of ΔG 0 which decreases (À5.328 to À5.168 kJ/mol) with an increase in temperature. Standard enthalpy (ΔH o ) and standard entropy (ΔS o ) of adsorption can be estimated from Van 't Hoff equation and were calculated from the slope and intercept of Van 't Hoff plot ( Figure 12 ) of ln K c vs 1/T and are shown in Table 3 .
As shown in Table 4 , the values of ΔH o and ΔS o were negative for adsorption of Pb(II) onto CSCMQ polymer. The important thermodynamic function ΔH o is very useful whenever there is a differential change occurs in the system. The negative value of ΔH o indicates that the adsorption process is exothermic in nature and the negative value of ΔS o showed the increase in degree of freedom or increases the disorder of adsorption process. The negative 
CONCLUSION
The present investigation shows that the novel CSCMQ polymer can be employed as a potentially low cost sorbent for the removal of Pb(II) ions from industrial wastewaters. The adsorption of Pb(II) is found to be greatly reliant on the initial pH of the solution, its concentration in the solution and adsorbent mass. The maximum biosorption of Pb(II) was found at pH value 5.5. The kinetics experiments show that the adsorption was rapid and the adsorption equilibrium was achieved within 120 min of contact time. The equilibrium data are well described by the Langmuir isotherm model and the maximum adsorption capacity of Pb(II) on CSCMQ polymer was 46.512 mg/g at 25 W C. Further, thermodynamic parameters which were calculated from the temperature-dependent isotherms signify that the adsorption reaction is a spontaneous process. These denouement show that the adsorbent which have a very low economical value can be used efficaciously for removal of Pb(II) ions from an aqueous system for the protection of environment. 
